1. Rhesus monkeys were trained to look to brief visual targets presented in an otherwise darkened room. Single-unit activity was recorded from the superior colliculus (SC) during the performance of two tasks for which successful completion was contingent on the combination of retinal-error and eyeposition signals. The first task required successive eye movements to serially flashed targets, each of which was extinguished prior to the initial eye movement. In the second task, electrical stimulation of the SC, delivered during the interval between target offset and saccade onset, drove the eyes to another position in the orbit, thereby requiring a compensatory saccade. The major purpose of this experiment was to determine whether or not neurons in the SC discharging before visually triggered saccades also discharge before saccades compensating for stimulation-induced perturbations in eye position.
2. Tungsten microelectrodes were introduced into the SC bilaterally. Extracellular unit activity was monitored until a cell with saccade-related activity was isolated in one colliculus and stimulation of the opposite colliculus elicited an eye movement. After a movement field was plotted for the unit, its behavior during the double-saccade and compensatory saccade tasks was evaluated. Target coordinates were arranged such that the vector of the second or compensatory movement was in the movement field of the particular unit under investigation.
3. We found that 49 of the 50 cells studied discharged before all saccades in their movement field, regardless of the type of trial that produced the saccade. The one neuron that did not fire before saccades compensating for the stimulation-induced movement was shown to require prior activation by a visual stimulus within its movement field.
4. The burst of activity occurring before compensatory saccades on stimulation trials was usually less vigorous than the burst preceding control saccades to a direct visual target.
5. Results are interpreted as supporting the hypothesis that the intermediate layers of the SC contain a spatial map of motor error, the vector of the saccade required to move the eyes to a desired orbital position. This implies that input signals reaching the intermediate layers of the SC may also be encoded in motor coordinates and that the SC may represent a site where signals from different sensory modalities are translated into a common motor frame of reference.
INTRODUCTION
Models of the saccadic system ( l&27) that assume that visual saccade targets are localized in a spatial (i.e., head or body), as opposed to a retinocentric, frame of reference are of recent origin. This view was fostered by the finding that a brief visual target presented during an ongoing saccade could be accurately localized and used as the target for a subsequent saccade (5). Since in this case eye position continues to change after target presentation, a retinal-error signal (the dis-64 0022-3077/83/0000-OOOO$O 1 SO Copyright 0 1983 The American Physiological Society tance and direction of the target image from the fovea) alone cannot specify the vector of the saccade required to look to the position of the flashed target. Retinal-error information must be combined with eye-position signals (the direction and distance of the intervening saccade) to localize the target perceptually and to specify the metrics of the required saccade. Recent experiments conducted in this laboratory ( 10, 12, 20) also support the view that visual saccade targets are localized in nonretinocentric coordinates. In these studies a brief visual target was presented, but before a saccade was initiated the eyes were driven to another orbital position by electrical stimulation of the superior colliculus (SC). Contrary to the prediction of retinocentric models, subjects compensated for this perturbation by executing a saccade to the approximate location of the (now absent) target. Computation of the vector of the compensatory saccade must be based on information regarding the stimulation-induced change in eye position as well as information about the site of retinal stimulation. That visual saccade targets are localized in spatial coordinates suggests there are at least three stages in the translation of sensory signals into motor (saccade) commands. Visual signals are first coded retinotopically.
Later, information about eye, head, and body position are added to form a neural representation of target position in spatial coordinates. Finally, signals are translated into motor coordinates, i.e., signals are formed that are appropriate for each of the extraocular muscles involved in producing the desired movement. Relatively little is known, however, concerning where in the nervous system signals are transformed from retinal to spatial or motor coordinates. In this context, Mays and Sparks (11) observed neural activity in the intermediate layers of the SC in a motor, rather than a sensory, frame of reference. Based on these findings, they proposed (11) that a spatial map of motor error (ME; the difference between current and desired eye position) is contained in the SC, since a unique population of neurons residing in a particular region of the SC is active for each different motor-error signal. The present experiment was designed to provide an additional test of this hypothesis. Specifically, we asked: Do neurons in the SC discharging before visually triggered saccades also discharge before saccades compensating for stimulation-induced perturbations in eye position? If the SC contains a spatial map of ME, the site of activity within the intermediate layers would shift with changes in eye position. Thus, the model predicts that collicular neurons will discharge before saccades made to compensate for stimulation-induced displacements of the eyes. Moreover, the site of collicular activity would be appropriate for the vector of the compensatory saccade. Results confirm these predictions and provide further support for our model of SC function (11, 18, 19) .
A preliminary report of these findings has been published (2 1 On brief target trials, an initial fixation target (0) was presented at the center of the LED array. If the target was acquired within 500 ms and fixation was maintained for a variable period (l-3 s), target 0 was extinguished and target A appeared at an eccentric position for 50-100 ms. If target A was acquired within 500 ms and fixation maintained for 50 ms, reinforcement was delivered on a continuous-ratio schedule. STIMULATION. Stimulation trials were the same as O-A trials except that after target A was extinguished, collicular stimulation delivered before a saccade was initiated drove the eyes to another orbital position. The animal compensated for the stimulation-induced perturbation and looked to the approximate position of the target in space.
Stimulation trials and O-A trials were intermixed in a random order so that the animal could not predict when the stimulation would occur.
DOUBLE-SACCADE
(O-B-C).
In this task, after fixation of the initial target (0) for a variable period, the offset of the center fixation target was followed by successive presentations of targets B and C. The total duration of targets B and C was less than the reaction time of the monkey (i.e., both B and C were off before a saccade occurred). Nevertheless, reward was contingent on making a saccade to position B within 300 ms and a second saccade from B to C before an additional 500 ms elapsed. Thus, two saccades were made in succession: the first from position 0 to B and the second from B to C. An important feature of this task is that the retinal-error signal alone cannot be used to program a saccade to acquire the second target (C). Depending on the distance and direction of the intervening saccade, visual stimuli activating almost any region of the retina can be used to trigger a saccade with a particular direction and amplitude. Using this task, Mays and Sparks ( 11) were able to identify three categories of eye movementrelated neurons in the intermediate layers of the SC. The double-saccade trial was employed in the present study to aid in the identification of these cell types.
Data collection and analyses
After 6-12 wk of behavioral training, stainless steel receptacles for microdrives were implanted under pentobarbital anesthesia over both colliculi. The procedure followed during a typical data-collection session is diagrammed in Fig Procedure followed during a typical data-collection session. Cylinders serving as receptacles for microdrives were implanted over both colliculi. Electrode A, the stimulating electrode, was lowered into the SC until a site was reached where saccades were reliably produced by stimulation currents of 20 PA or less. The vector of the stimulation-induced saccade was carefully measured (a). Electrode B, the recording electrode, was lowered into the opposite colliculus until a neuron with saccade-related activity was isolated. The movement field of the neuron was plotted by having the animal look to targets that varied systematically in location (b). The activity of the neuron was recorded during stimulation trials in which the target coordinates were selected so that the vector of the compensatory saccade was in the movement field of the neuron (c). Neuronal activity was recorded during O-B-C trials in which the B-C saccade was in the movement field of the neuron (d).
electrode A was lowered into the SC until a site was reached where saccades were reliably produced by stimulation currents of 20 PA or less (see Fig. 1 a) . The vector of the stimulation-induced movement was carefully measured. Next electrode B was lowered into the opposite colliculus until a neuron with saccade-related activity was isolated and the movement field of this neuron was plotted ( Fig. 1 b) . Then the activity ofthe neuron was recorded during stimulation trials in which the target coordinates were selected so that direct saccades to the target were not in the movement field of the cells and the vector of the compensatory saccade was in the movement field of the neuron being studied (Fig. lc) . Control trials were included in which the vector of the compensatory saccade was not in the movement field of the neuron. Finally, the activity of the neuron was recorded during O-B-C trials in which the B-C saccade was in the movement field of the neuron (Fig. Id) .
The sequence of stimulus and response events was stored on digital magnetic tape. Codes representing target onset and offset; rate, duration, and current of the stimulation train; horizontal and vertical eye-position signals (500-Hz sampling rate); and interspike intervals ( 100~ps resolution) were preserved. Off-line analysis provided measurements of the change in horizontal (AH) and vertical (AV) eye position signals during saccades occurring on O-A, O-B-C, and stimulation trials. This permitted selection of trials in which the O-A saccade, the B-C saccade, and the compensatory saccade had similar AH and AV values. For these matched movements, the number of spikes, peak instantaneous frequency, and average instantaneous frequency were computed.
RESULTS
The activity of 50 SC neurons was recorded during O-A, O-B-C, and stimulation trials. Based on their response to single-and double-saccade trials, cells were placed in one of three major categories ( 11): saccade-related (SR) cells, quasi-visual (QV) cells, and visually triggered motor (VTM) cells. The discharge of SR cells was clearly associated with saccade onset and visual responses, if present, were weak. Forty-three cells were placed in this category. Cells classified as QV neurons displayed the following properties: 1) on single saccade trials, these neurons produced a sustained response to the presence of a stimulus in their receptive field; 2) alterations in spike activity associated with saccade onset were not observed on single-saccade trials; 3) unlike visual cells, these neurons discharged on double-saccade trials even though a visual stimulus failed to appear in the receptive field; and 4) the discharge that occurred on double-saccade trials was not tightly linked'to stimulus or response events (see Ref. 11) . Six neurons were categorized as QV cells. Visually triggered motor (VTM) cells have a saccade-related discharge when saccades are made to a continuous visual target but are silent during similar spontaneous saccades in the dark or light and during saccades with the same vector occurring on O-B-C trials (11, 13). Only one VTM neuron was isolated in this experiment.
Of the 50 cells studied, 49 discharged before all saccades in their movement field, regardless of the type of trial that produced the saccade. All SR and QV cells discharged before O-B-C and compensatory saccades in their movement fields. The VTM neuron discharged only on O-A trials. Qualitatively, the response of QV and SR cells on the different trial types was similar and results described below hold for both types of neurons.
The activity of one SR neuron during five types of trials is illustrated in Fig. 2 . A shows the trajectories of a saccade to the center of the neuron's movement field (a), the vector of a stimulation-induced saccade (b), a compensatory saccade in the neuron's movement field (compare c and a), and a direct saccade to target T (d). For each of the remaining sections in the figure, horizontal and vertical eye-position traces for a single trial are shown at the top. A plot of instantaneous spike frequency observed during the same trial is shown below the eye-position traces. Next, the activity of the neuron during eight similar trials is displayed as rasters in which each dot represents a spike and each row of dots represents a single trial. The time scale is shown below the histogram of spike activity occurring on the eight trials. Both the histogram and rasters are aligned with saccade onset (time 0). As illustrated in Fig. 2B , the cell discharged vigorously before saccades made to acquire a target 15O to the right and 8' below fixation. The low levels of spontaneous activity and the burst of activity synchronized with saccade onset are easily delineated. Figure 2C illustrates the activity of the same neuron during O-B-C trials. For the trials illustrated, the vector of the B-C saccade closely matched that of the O-A trials shown in Fig. 2A and B and a similar neural discharge was obtained. Figure 20 illustrates the activity of the same neuron during compensatory saccades selected as matches for the saccades illustrated in B and C. On these stimulation trials, the visual target was presented 8O below the fixation target. After target offset, stimulation drove the eyes 15 O to the left. The animal compensated for this and made a saccade that directed gaze to the approximate position of the target in space. The rasters and histogram are aligned with the onset of the compensatory saccades. The solid bars on the rasters represent the stimulation train. It is clear that this neuron generated a burst of activity before compensatory saccades in the movement field of the cell.
During the experiments, after the vector of the stimulation-induced saccade was determined, a target was selected so that, on stimulation trials, the compensatory saccade was in the neuron's movement field. However, any change in spike activity observed on stimulation trials could be associated with the intended, but interrupted, saccade rather than the compensatory movement. For this reason, one of the criteria for selecting a combination of stimulation and recording sites was that the neuron must fail to show alterations in activity prior to direct saccades to the selected target position. These control trials are illustrated in Fig. 2E . On trials with no stimulation, direct saccades to the visual target presented on stimulation trials were not preceded by increases in discharge frequency. Thus, for the 49 neurons studied in this experiment, the burst of activity observed on stimulation trials must be associated with the actual compensatory movement, not the intended movement. Additionally, it was necessary to demonstrate that the neural discharge observed on stimulation trials was not caused by the train of stimulation pulses. Control trials in which the vector of the compensatory saccade was not in the movement field of the neuron were included. As illustrated in Fig. 2F , there was no increase in spike activity on these control trials even though collicular stimulation occurred on each trial.
The activity of a typical SC neuron during 15 O-A saccades, 15 B-C saccades, and 15 compensatory saccades is illustrated in Fig.  3 . The rasters, instantaneous spike-frequency records, and histograms reveal a discharge before all three types of saccades. However, A the burst preceding B-C saccades is somewhat reduced when compared to that observed prior to O-A saccades. The burst observed before compensatory saccades is much less vigorous than that occurring prior to matched O-A visually triggered saccades. The reduction in response observed prior to compensatory and B-C saccades is further documented in Fig. 4 . Saccades having comparable horizontal and vertical components were selected from O-A, O-B-C, and stimulation trials. An estimate of the average discharge frequency preceding each saccade was obtained by dividing the number of spikes occurring before each saccade by the interval over which the neuron discharged. Figure 4A is a scatter diagram that plots for 44 cells the average spike frequency observed on O-A trials (abscissa) versus the average spike frequency observed on O-B-C trials (ordinate). If the neurons discharged at comparable frequencies on both types of trials, the data points would cluster around the line drawn. Since the points tend to fall below the line, this indicates that the average spike frequency preceding saccades on O-B-C trials was lower than that preceding comparable saccades on O-A trials. A similar plot (Fig.  4B ) reveals that the discharge frequency occurring prior to compensatory saccades is also reduced compared to that observed on O-A control trials. Figure 4C indicates on the average, the firing frequency before ring prior to compensatory saccades was saccades compensating for stimulation-ingreater than that occurring prior to compaduced perturbations is also reduced when rable saccades on O-B-C trials. compared to the frequency observed on O-BIn summary, the burst of activity occur-C trials. However, for 10 of the 44 neurons ring before compensatory saccades on stimplotted, the average firing frequency occur-ulation trials and before B-C saccades on O-SC ACTIVITY BEFORE COMPENSATORY SACCADES 71 B-C trials was usually less vigorous than the burst preceding O-A control saccades. The significance of this result is unclear. Since information about the amplitude and direction of an impending saccade is conveyed by the location of the active neurons in the SC and not the characteristics of the spike burst (17), the reduction in burst amplitude may be of little importance. Or, perhaps the reduced collicular response is combined later with responses from other brain areas such as the frontal eye fields (see below) to provide a more robust signal.
DISCUSSION
The activity of saccade-related neurons in the SC was recorded during two experimental paradigms in which target acquisition required a combination of retinal and eye-position signals. On double-saccade trials, monkeys were required to look to the location of a visual target presented briefly during fixation even though another saccade intervened. Since the position of the eyes changed after target offset, information about the change in eye position must be combined with a retinal-error signal in order to generate the proper saccade command.
Similarly, on stimulation trials, the stimulation-induced movement altered eye position after target offset. The neural command for the compensatory saccade must be based on information about the stimulation-induced change in eye position and stored information about the site of retinal stimulation. We found that almost all SC neurons that discharge before visually triggered saccades also discharge before saccades in their movement field made to compensate for stimulation-induced perturbations in eye position or to compensate for an intervening voluntary saccade.
These findings have important implications for models of the functional organization of the SC. Until recently, results of anatomical, microstimulation, and chronic-unit studies of SC function could be described parsimoniously by the foveation hypothesis of Schiller and Koerner (16). According to this hypothesis, one function of the SC is to code the location of a visual target relative to the fovea (retinal error) and to trigger a saccade that will produce fovea1 acquisition of the target. This view of SC organization assumes that the site of visually triggered activity in the retinotopically organized superficial layers of the SC encodes retinal error. Visually triggered discharges occurring in the superficial layers are assumed to activate subjacent regions of the colliculus containing neurons that discharge before saccadic eye movements. Since the map of the movement fields of the deeper neurons corresponds to the retinotopic map of the overlying superficial neurons, the ensuing saccade would bring the target image onto the fovea.
Results of our recent experiments (10, 1 I) do not support the foveation hypothesis. First, we found that the activity of neurons in the superficial layers was neither necessary nor sufficient for the activation of underlying neurons with saccade-related (SR) activity. The site of retinal stimulation was dissociated from the metrics of the saccade by using double-saccade trials-trials in which monkeys were required to execute a saccade to the location of a target that had been presented for a short period immediately preceding an intervening eye movement.
In these experiments, there were vigorous visual responses of superficial SC neurons that did not result in activation of underlying SR neurons. Conversely, most SR neurons produced a vigorous burst of activity before saccades with particular vectors, regardless of the region of the retina that was stimulated to initiate the movement. Second, we found that collicular SR neurons discharge before saccades made to visual targets localized in spatial, rather than retinocentric, coordinates. On doublesaccade trials in which an intervening saccade changed the position of the eyes after target offset, the vector of the acquisition saccade must be computed using both retinal and eye-position information. We found that most SR neurons discharged before saccades in their movement field on these trials, and results of the present experiment confirm this finding. Thus, the discharge of SR cells must occur after retinal-error and eye-position signals have been combined. Finally, the foveation hypothesis implies that visual saccade targets are localized in retinocentric coordinates. The finding that saccade targets are localized in head or body coordinates (5, 10, 12, 20) supports a spatial, rather than a retinocentric, model of the localization of saccade targets. Other problems with the fo-veation hypothesis are enumerated elsewhere (18).
An alternative model (18, 20) of collicular organization assumes that the SC is organized in a motor frame of reference. The site of QV cell activity in the intermediate layers of the SC represents a spatial code of motor error, the difference between current and desired eye position. The activity of SR neurons is thought to represent a command to correct for the existing motor error. Quasi-visual neurons alter their discharge rate whenever there is a certain difference between current and desired eye position (motor error) regardless of whether this difference was produced on O-A trials by the sudden appearance of a visual target or on O-B-C trials by a change in eye position after target offset. Another interpretation of QV cell activity is that on O-B-C trials two successive saccades were programmed in advance, based on the relative positions of targets B and C. The shift in the site of QV cell activity during doublesaccade trials would then merely reflect a transition from the execution of the O-B saccade to the execution of the B-C saccade. If, however, the site of QV cell activity encodes motor error, then collicular neurons should also discharge before saccades made to compensate for stimulation-induced perturbations in eye position, which are totally unpredictable. Results of the present experiment confirm this prediction and provide strong additional support for the hypothesis that the SC contains a spatial map of motor error. A motor-error signal specifies the change in eye position required to move the eyes to a certain position in the orbit. Similarly, the site of collicular activity encodes the change in eye position required to move to a particular orbital position. Motor-error signals can be created by the sudden appearance of an eccentric visual target or by a change in eye position after a brief target disappears. SC neurons with saccade-related activity discharge before saccades to direct visual targets and before saccades made to correct for perturbations in eye position. Given that the SC contains a spatial map of motor error, the questions of how and where visual and eye-position signals are combined neurally to produce such a map are unresolved. We do not have at this time a plausible model of how retinal-error signals (coded as the site of activity in retinotopic maps of visual space) and eye-position signals (probably coded by the activity of neurons with firing rates proportional to orbital position) are combined to produce signals of target position in spatial coordinates or motor-error signals. Since neural activity precisely related to the position of the eyes in the orbit has not been observed in the SC and since the activity of SR cells in the colliculus are in a motor frame of reference, it is possible that sensory signals reaching the SC are also organized in a motor frame of reference. According to this view, inputs to the SC would be required to be in motor coordinates in order to activate a specific subset of collicular neurons before a saccade with a particular vector is initiated. Experiments using anesthetized or paralyzed animals report that within the SC, the topographical maps of the receptive fields of neurons responsive to visual, somatosensory, and auditory stimuli ( 1, 4, 22, 25) are aligned. For example, with the eyes and head fixed, cells responsive to visual stimuli in one region of visual space may be found immediately above neurons maximally responsive to auditory stimuli presented in the same location. Although these findings imply that sensory signals recorded in the SC are coded in a head or body frame of reference, none of these experiments explicitly tested the hypothesis that visual, auditory, or somatosensory signals were coded spatially by varying the position of the eyes, head, or body. Recent observations in this laboratory (6) indicate that the responsiveness of collicular neurons to auditory stimuli is dependent on the position of the eyes in the orbit. Furthermore, the suggestion that discharges of collicular afferents are transformed into motor coordinates before reaching the intermediate layers of the SC is supported by recent experiments of Goldberg and Bruce (3). Using a double-saccade task, they discovered that the activity of neurons in the frontal eye fields, a major source of collicular inputs (7-9), also encode motor error. Whether or not neurons in the frontal eye fields with these functional properties project, directly or indirectly, to the SC has not been established.
Recent findings of Stein and co-workers (26) are consistent with the suggestion that the SC is organized in motor coordinates.
These studies indicate that the anatomical substrate by which the SC exerts an influence on brain stem oculomotor centers is present in the neonate. Furthermore, their microstimulation studies (23) suggest that the collicular motor apparatus is functional at a time when visuomotor integration has not yet been attained. Microstimulation in the intermediate layers of the SC of neonatal cats produced conjugate contraversive saccades. Although thresholds for evoking movements were significantly higher than in the adult and greater variability in the trajectory of the stimulation-induced movements was observed, a functional motor organization of the SC was seen in neonatal kittens. The first visually responsive collicular neurons are isolated 7 days after birth, and there is a gradual transition in receptive-field properties until adultlike responses are consistently observed 7-8 wk after birth (22, 24) . Visually guided behavior first appears around 14 days after birth (2, 14) . Thus, a motor map appears to be present in the intermediate layers of the SC prior to the development of visually guided behavior and prior to the development of normal receptive-field properties by visual neurons in the SC.
As discussed in the previous paper (20), a saccade that compensates for stimulationinduced perturbations in eye position would be produced automatically by the local feedback model of saccade generation (15). After specifying the desired position of the eye in
